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Background and Motivation
In the context of climate change [1] and international targets on green- generation units instead of a large central plant, which provides some re-46 silience against variable supplies. Since local resources can be accessed more readily, transmission losses can also be reduced, leading to improvements in 48 efficiency and sustainability [8, 9] .
49
The motivation underlying this research is to develop a cost-effective and 50 reliable pico hydropower device, bearing in mind the potential uses and ben-51 efits it may bring in certain areas. The novel system presented here is an 52 idea formulated during this work, and the concept may be of interest to those 53 developing pico hydro schemes and technology, using hydraulic ram pumps, 54 or designing piping systems. 
Power from the Water Hammer
56
The water hammer occurs when a fluid is subjected to a sudden change 57 in momentum, and is a form of unsteady flow characterised by sharp rises in 58 pressure [10] . It commonly occurs in pipelines during valve operations, where 59 it can cause problems such as noise, cavitation, and even total pipe failure 60 in extreme cases [11] . The water hammer is therefore typically regarded as 61 problematic, and most modern pipe systems employ surge tanks, slow closing 62 valves, or other safety features to minimise its magnitude [12] .
63
For an incompressible fluid where the valve closes slowly, rigid column 64 theory provides a basic relation between the pressure surge ∆p to the fluid 65 density ρ, the pipe length l, and the rate of change of fluid speed dv dt [13] :
If the valve closes rapidly, the compressibility of the fluid and pipe should 67 be considered. In this case, the Joukowsky Equation [14] may be used to 68 estimate ∆p, which will be dependent upon the change in flow speed ∆v, as 69 well as the fluid density and sound speed c:
In the UK, the terms water hammer and pressure surge are used inter-71 changeably to describe both the compressible and incompressible phenomena.
72
In North America the definitions are more strict: the term water hammer 73 purely applies to flows that exhibit compressibility effects, while pressure 
89
An overview of the basic operation of a ram pump is provided in Figure   90 2. Water enters the drive pipe at the inlet (1) at the chamber [18] . The bulk of this pressure will be provided by the water 109 hammer itself, however the level of the water in the chamber will also oscil-
110
late with the surge due to conservation of mass. This process is outlined in 
115
Given how similar this device is to a ram, it is reasonable to suppose 116 that it may be capable of generating power in similar conditions. Whether system could therefore be an effective option for pico scale hydropower.
132
The remainder of this article presents the methods and results of an ex-133 perimental study using a scale model water hammer energy system. The To facilitate easy modification, the test-rig was constructed from British control system is shown in Figure 6 , which highlights the return spring that 161 was used to compensate for the weight of the push rod.
162
Unlike the rest of the rig, the vertical chamber was machined from an alu- the piston rod to reduce weight and minimise any issues with corrosion.
170
The crank, connecting rod, and cam were made from 3 mm thick laser- attached is provided in Figure 7 .
184
The transducer was activated several minutes before each set of experi-185 ments, so that the temperature of the instrumentation could stabilise. The
186
transducer was coupled to a 3 V, 6:1 ratio gearbox motor, which was used 187 to absorb the power generated by the crank. This was not used to control To quantify the efficiency of the system, the power available from the 
The mean efficiency of the systemε is defined as the percentage of the 208 mean generated powerP relative to the mean available power:
In this study,ε provides an indication of how effective the system is the coefficients a and b can be calculated as follows:
The R 2 parameter, known as the coefficient of determination, is used to 228 describe the validity of these curves:
Here,ŷ represents the value of y predicted by a model (i.e. the y value
230
given by the curve) whileȳ is the mean. An R transducer, are presented in Figure 8a and b, respectively. The data were 237 recorded at a sample rate of 60 Hz, and were used to calculate the power 238 curve that is shown in Figure 8c via Equation 3.
239
The measurement period shown includes three valve closure events. The 3.04 mNm. The smaller, secondary peaks that occur after the main torque 248 peaks in Figure 8a correspond to the remains of reflected pressure waves
249
propagating through the system and acting on the piston, as well as the 250 oscillating water level within the chamber due to the surges.
251
The torque pulses serve to accelerate the shaft to an angular speed that 252 is significantly greater than the mean over a cycle. For Figure 8b , the mean closures that occur at higher RPMs, which increases the number of torque 282 and power spikes in the instantaneous data over the period of the average.
283
The valve closure frequency is dependent upon the balance of forces acting 284 upon it -reducing the valve weight (or conversely increasing the force acting 285 to close it) will enable it to close more frequently [18] . the RPM of the system and the input flow rate.
292
When the mean flow rate is slower, the amount of water within the cham- ton down to bottom dead centre, allowing it to reach higher angular speeds.
296
The fact that the valve is closing more frequently will also serve to choke 297 the outflow rate [22], which will further reduce the resistance to the system 298 completing a revolution.
299
The relationship between the mean efficiency of the system and the mean the system is at its most effective when less power is available.
303
The reason for this is again due to its mode of operation -in higher 304 flow rates, when the valve is closing less frequently, more water is discharged 305 through the valve between each closure, with the power available from this 306 water being wasted. Conversely, when the valve is closing more frequently, 307 less waste water is discharged between closures and more pressure and power 308 spikes are generated over a given time. This again suggests that a higher 309 frequency system may be optimal, although there will be a balance between Hydraulic ram pumps are chiefly employed in rural and remote areas.
317
Given the similarities it has with these pumps, the water hammer energy that the most efficient system is likely to be operating at a high valve closure 326 frequency in relatively weak input conditions.
327
Although the system as a whole is unproven, based on the performance 328 of hydraulic rams, the underlying mechanism (i.e. the periodically closing illustration of an envisaged set-up, with the water hammer energy system 334 connected to a water source via a drive pipe. Such a system could be con-
335
ceived for run-of-the-river generation or using water stored in a reservoir, 336 using low input heads where other systems may be less suited.
337
The length of the drive pipe and the hydraulic head available to the 338 system would be selected according to the requirements and specifics of an and while the pressure from each surge may be maximised, the time-averaged 364 power and efficiency will fall.
365
The control mechanism and the time required for the valve to shut will be as less energy would be dissipated into the pipe walls.
374
Increasing the momentum of the water being stopped by the valve would 375 also allow more power to be generated. This could be achieved by increasing to a point where it could be viable.
421
The methods and results of a scale-model experiment into the effective- 
